In order to present the phase relation in Pd-rich Pd-Mn alloys, we investigated the ordered structures on the basis of transmission electron diffraction and microscopy studies. Among various ordered phases reported up to now, four of Pd 3 Mn (D0 23 ), Pd 2 Mn, Pd 5 Mn 3 and PdMn (L1 0 ) phases were confirmed to be stable, but no indications of Pd 3 Mn I (L1 2 ) and Pd 21 Mn 11 phases were obtained. In the region of 1d-APS from Pd 3 Mn to about 35 at% Mn, c 0 =a 0 gradually decreased from unity with increasing Mn content, indicating the deviation of structure from D0 23 . The value of M of the 1d-APS was 2.00 up to about 30 at% Mn irrespective of annealing temperature, and then gradually increased to 2.87 with increasing Mn and elevating temperature. Controversial results on M reported by different investigators are ascribed to the annealing temperature as well as composition dependence of M. The structural models reported for Pd 2 Mn and Pd 5 Mn 3 phases were supported by the present study. We finally propose a partial atomic phase diagram in Pd-rich region.
Introduction
In the Pd-Mn alloys, a variety of atomic phases, Pd 3 Mn, Pd 3 Mn I, Pd 3 Mn II, Pd 2 Mn ( 2 ), Pd 5 Mn 3 ( 3 ), Pd 21 Mn 11 , PdMn ( 1 ) and PdMn () have been reported for various compositions and temperatures. [1] [2] [3] [4] [5] [6] [7] These structures are defined in a common fcc lattice except for the PdMn () phase with B2 (CsCl type) structure.
The Pd 3 Mn phase has a periodic one-dimensional antiphase domain structure (1d-APS) with L1 2-S . The size of antiphase domain, M, reported by different investigators 2, [9] [10] [11] is composition-dependent. However, their results are inconsistent with each other. Sato and Toth 2) have observed L1 2 and L1 2-S structures in compositions below and above 25 at% Mn on the basis of the electron diffraction study with evaporated alloy films. They named these two phases Pd 3 Mn I for L1 2 and Pd 3 Mn II for L1 2-S . The stability ranges of these phases have not yet been determined on the equilibrium phase diagram.
Kádár et al. 3) have studied the structure of Pd 2 Mn phase by means of neutron and X-ray diffraction techniques with powdered samples and then proposed a structural model. The PdMn phase with L1 0 is stable in a wide compositional range from about Pd-36 to 52 at% Mn. The phase transforms to B2 structure at high temperature. 6) Later, two ordered structures of Pd 5 Mn 3 4) and Pd 21 Mn 11 5) have been proposed as low temperature forms of L1 0 PdMn phase.
In the binary alloy phase diagram, 6, 13) the existence of ordered structures in the compositions below 25 at% Mn has been undefined and the phase relation in the region from Pd-26 to -52 at% Mn is still unclear.
It is therefore, our interest to study the crystal structures for establishing the partial phase diagram in the compositional range from Pd-5 to -52 at% Mn. In the present study, we report the results of electron diffraction, electron microscopy studies concerning temperature-as well as compositiondependent ordered structures and order-disorder transition temperatures.
Experimental
Twenty five polycrystalline bulk samples with compositions from Pd-5 to -52 at% Mn alloys were prepared by melting 99.999% Pd and 99.99% Mn in argon atmosphere using a plasma-jet arc-furnace. The alloys were re-melted several times and homogenized by vacuum annealing for 1 hour at 1100 C. The alloy ingots were rolled separately to make thin sheets with about 0.1 mm thick. Some brittle ingots were sliced and grinded in thin plates. These samples were cut in disks with 3 mm diameter for electron diffraction and microscopy. The composition of alloy was determined by the technique of an electron-probe microanalysis.
The disk-shaped samples were annealed separately in evacuated silica tubes at different temperatures from 800 C down to 300 C to proceed the atomic ordering. The annealing was continued over a period of 1 day to 2 months depending on the temperature. Finally, the sample was quenched into iced water, and then thinned electrochemically. The thinning was performed by a solution composed of 30% H 3 PO 4 , 30% HNO 3 , 10% HCl and 30% H 2 O, using an electrical jetpolisher, where 2:0 V Â 1:2 A were applied on the specimen for about 1 minute at 8 C. For samples containing more than 30 at% Mn, the ion-thinning technique was applied after the electrical jet-polishing to clean the surface of the sample. Electron diffraction patterns and micrographs were taken using several electron microscopes at room temperature.
Results and Discussion
3.1 Pd 3 Mn phase and one-dimensional antiphase domain structure For Mn content up to 21.7 at%, no evidence of long-range ordered state was obtained at least above 300 C. The electron diffraction pattern for Mn content above 14.7 at% showed some short-range order (SRO) diffuse scatterings together with reflections from fcc lattice. The shapes of SRO diffuse scatterings are rod-like at 100 and rounded square-like at 101, as reported before. 12, 14) When the Mn content was increased beyond 24.2 at%, an ordered state appeared. Figure 1(a) shows the electron diffraction pattern and lattice image obtained from Pd-26.5 at% Mn alloy annealed at 550 C. The reflections at (2h þ 1; 0; l AE 1=4) are called ''split superlattice reflections'' due to the periodic antiphase boundaries (APBs), where h and l are integers. The axial ratio c 0 =a 0 of the basal lattice is unity. In the lattice image, white dots are expected to correspond to the projections of minority atoms Mn, like as Cd atoms in the ordered Au 3 Cd alloy. 15) Majority atoms Pd are not seen. From the diffraction pattern and lattice image, it is clear that the structure is L1 2-S with M ¼ 2 or D0 23 , whose model is shown in Fig. 1(b) for reference.
No indication of Pd 3 Mn I phase with L1 2 structure was obtained even though the alloys with Mn content less than 25 at% were annealed at temperatures lower than 450 C. It is considered that the L1 2 structure is meta-stable in Pd-Mn system and formed due to the special sample preparation such as evaporation of alloy films.
The split superlattice reflections were still observed when the Mn content was further increased. Figure 2 shows a series of electron diffraction patterns of 1d-APS obtained from alloys containing (a) 29.8, (b) 34.9 and (c) 36.1 at% Mn and annealed at 500 C. Mean intensity of the split reflections decreases with increasing Mn content, indicating the structure changes toward L1 0 , as reported by Sato and Toth.
2) The magnitude of c 0 =a 0 depends on Mn content; (a) 0.97, (b) 0.93 and (c) 0.91 for 29.8, 34.9 and 36.1 at% Mn, respectively. This fact indicates that the excess Mn atoms replace with Pd atoms according to the tetragonal symmetry. Such 1d-APS is no longer L1 2-S even though M ¼ 2 is presented. The Pd 3 Mn phase should be defined in the region of L1 2-S , which is ranging from $24 to $27 at% Mn.
Above 34.7 at% Mn at 700 C, the split superlattice reflections disappeared completely, indicating the L1 0 structure is stable. To explain the phase change from Pd 3 Mn (L1 2-S ) to PdMn (L1 0 ), we show a rough model in Fig. 3 . In this figure, the concentration of Mn at each site is expressed with density of gray between black (Mn) and white (Pd). When the composition of alloy increases from 25 at% Mn, the excess Mn atoms replace with Pd atoms on -site, and Mn atoms on -site partly transfer onto -site as shown in Fig.  3(b) . As a result, the occupation probability of Mn at -site changes as 1.0 (25 at% Mn) ! $0:7 ($35 at% Mn) ! 1.0 (50 at% Mn). On the other hand, that at -site changes as 0 (25 at% Mn) ! $0:7 ($35 at% Mn) ! 1.0 (50 at% Mn). Above about 35 at% Mn, the difference in compositions between -and -sites substantially vanishes as shown in Fig. 3(c) , resulting L1 0 structure. The -site is always occupied with Pd atoms irrespective of composition of alloy.
The value of M determined from the separation between the split superlattice reflections is constant (¼ 2:00) irrespective of annealing temperature up to about 31 at% Mn and then depends on both of composition and annealing temper- 2, [9] [10] [11] are ascribed to temperature and composition dependence of M.
Pd 2 Mn phase
As the structure of 2 phase, Kádár et al. 3) have proposed a structural model of Pd 2 Mn on the basis of powder diffraction study. The model has an orthorhombic symmetry with space group of Pnma and cell dimensions of a % ffiffi ffi
ffiffi ffi 2 p Þa 0 , which contains 8 Pd and 4 Mn atoms. Our aim is to confirm the structure by observing electron diffraction pattern and lattice image, and to determine the area of this phase.
When the alloys containing 29.1-35.3 at% Mn were annealed at temperature lower than 650 C, the diffraction pattern showed superlattice reflections different from those of 1d-APS. The new type of diffraction pattern coexisted with that of 1d-APS except for alloy containing 33.1 at% Mn. Figure 4 [H00] axis, every superlattice reflection on this line disappeared as shown in Fig. 4(b) . On the other hand, when the specimen was tilted around [ h h0h], i.e.
[00L] axis, the superlattice reflections on this line disappeared alternately as shown in Fig. 4(c) . Two diffraction patterns with h110i incidences are shown in Figs. 4(d) and (e). After the transformation of indices from hkl to HKL, the structure was investigated by referring the reported model of Pd 2 Mn. H00 and 00L reflections with H ¼ odd and L ¼ odd are forbidden by the space group (Pmna) of the model. No conditions are imposed for other reflections on the [010] pattern (Fig. 4(a) ). The 0K0 reflections with K ¼ odd, 0KL reflections with K þ L ¼ odd and HK0 reflections with H ¼ odd are also forbidden. The observed diffraction patterns satisfy each of these extinction rules.
Figure 5(a) shows the lattice image of Pd 2 Mn. The diffraction pattern is shown in the inset, where indices attached to the fundamental reflections refer to the superlattice cell. The white rectangle indicates the unit cell. White dots are expected to be projections of Mn, whose arrangement corresponds to that of Mn sites of the model shown in Fig. 5(b) . The experimental result strongly supports the structural model of Pd 2 Mn proposed by Kádár et al.
3)
3.3 PdMn phase and the second ordered structure
As ordered structures formed from L1 0 with Pd-rich composition, two structural models of Pd 5 Mn 3 4) and Pd 21 Mn 11 5) have been proposed on the basis of powder diffraction studies. To confirm these structures by electron diffraction, and to determine their compositional ranges on the phase diagram, we examined the structure of alloy with different compositions and annealing temperatures.
The alloys whose Mn content is higher than 34.0, 34.7 and 37.7 at% Mn showed L1 0 structure at 750, 700 and 600 C, 
Partial phase diagram
No ordered state exists at compositions below about 24 at% Mn. The highest temperature of ordered state we observed was 400 C for 24.2 at% Mn, 450 C for 25.0 at% Mn, 550 C for 26.5 at% Mn and 750 C for 29.8 at% Mn. The order-disorder transition temperature assumed just above these temperatures steeply increases from 450 to 800 C with increasing Mn content from 25 to 30 at%. The phase transition between disordered (fcc) and ordered (D0 23 or 1d-APS) states is expected to be of the first order type due to the change of symmetry between cubic and tetragonal.
In the region of 1d-APS from Pd-24 to -37 at% Mn, the Pd 3 Mn phase is stable up to about 27 at% Mn. Pd 2 Mn phase coexists with 1d-APS in alloys containing 29.5-35.8 at% Mn except for the composition close to Pd 2 Mn. The Pd 5 Mn 3 phase is formed as a low temperature phase of Pd-rich PdMn phase in the compositional range of 36-40 at% Mn.
Finally, we propose a partial atomic phase diagram as shown in Fig. 7 , in which crystal structures identified by the present study are shown with various symbols. Two arrows on the horizontal axis indicate the ideal compositions of Pd 2 Mn and Pd 5 Mn 3 phases, respectively. 
